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Figure 1.1 Schematic representation of holographic setup for creating a) Bragg 







Figure 1.2 Schematic of a HPDLC Bragg reflection grating sandwiched between 
optically clear conducting electrodes.  a) Grating without an applied electrical field 
has randomly ordered liquid crystal and a corresponding ∆n. b) Grating with 
sufficient applied voltage field will align the liquid crystals along the propagation 








Table 1.1  Typical Formulation of HPDLC mixture with acrylates using green light 
for holographic exposure 








Figure 1.3 TEM micrograph of an 75nm microtomed cross-section of an HPDLC 









Figure 1.4 Molecular structures of common monomers used for the thiol-ene 
reaction. a) Pentylerythritol tetrakis(3-mercaptopropionate), b) Trimethylolpropane 
tris(2-mercaptoacetate), c) Trimethylolpropane tris(mercaptoproprionate), d) 
Pentaerythritol trivinyl ether, e) Triethylene divinyl ether, f) trimethylolpropane 






Figure 1.5 TEM Micrograph of a thiol-ene Bragg reflection grating created using 
NOA 65 as the monomer mixture, Darocur 4265 as the photo-initiator and EMD 






Figure 1.6  General hydrolysis and condensation reaction equations for the 







Table 1.2  Modified Stöber synthesis recipe for silica nanoparticles with a diameter 









Figure 1.7  TEM micrograph of silica nanoparticles produced using the modified 















1994, 49, 1. [4]  T. Y. Lee, C. N. Bowman, Polymer 2006, 47, 6057. [5]  M. J. E. C. S·nchez, C. van†Heesch, C.†W.†M. Bastiaansen, D.†J. Broer, J. Loos, R. Nussbaumer,, Advanced Functional Materials 2005, 15, 1623. [6]  L. M. Goldenberg, O. V. Sakhno, T. N. Smirnova, P. Helliwell, V. Chechik, J. Stumpe, Chemistry of Materials 2008, 20, 4619. [7]  C. L. D. R. A. Vaia, L. V. Natarajan, V. P. Tondiglia, D. W. Tomlin, T. J. Bunning,, 





Materials 1993, 5, 1533. [15]  L. V. Natarajan, C. K. Shepherd, D. M. Brandelik, R. L. Sutherland, S. Chandra, V. P. Tondiglia, D. Tomlin, T. J. Bunning, Chemistry of Materials 2003, 15, 2477. [16]  L. Natarajan, J. Klosterman, V. P. Tondiglia, R. L. Sutherland, P. F. Lloyd, T. J. Bunning, "Effect of adding a multifunctional acrylate on the electro‐optical properties of reflection gratings formed by thiol‐ene photopolymerization", presented at Optical Materials in Defence Systems Technology, London, United Kingdom,  2004. [17]  J. Klosterman, L. V. Natarajan, V. P. Tondiglia, R. L. Sutherland, T. J. White, C. A. Guymon, T. J. Bunning, Polymer 2004, 45, 7213. [18]  R. S. Justice, D. W. Schaefer, R. A. Vaia, D. W. Tomlin, T. J. Bunning, Polymer 
2005, 46, 4465. [19]  J. D. Busbee, A. T. Juhl, L. V. Natarajan, V. P. Tondiglia, T. J. Bunning, R. A. Vaia, P. V. Braun, Advanced Materials 2009, 21, 3659. [20]  T. J. Bunning, L. Natarajan, V. P. Tondiglia, R. L. Sutherland, "Effect of gel‐point versus conversion on the real‐time dynamics of holographic polymer‐dispersed liquid crystal (HPDLC) formation", USA,  2003. [21]  R. Caputo, L. De Sio, A. Veltri, C. Umeton, A. V. Sukhov, Opt. Lett. 2004, 29, 1261. [22]  C. C. Bowley, G. P. Crawford, Applied Physics Letters 2000, 76, 2235. [23]  Y. Bi, D. C. Neckers,  (Ed: O. o. N. Research), Washington, D.C. 1994. [24]  R. T. Pogue, R. L. Sutherland, M. G. Schmitt, L. V. Natarajan, S. A. Siwecki, V. P. Tondiglia, T. J. Bunning, Applied Spectroscopy 2000, 54, 12A. [25]  T. J. White, L. V. Natarajan, V. P. Tondiglia, T. J. Bunning, C. A. Guymon, 

















Figure 2.1. Schematic representation of the holographic sequestration of SiO2 
nanoparticles within a HPDLC system. a) Starting mixture of nanoparticles, 
monomer and liquid crystal (minor components not shown).  b) Bare silica 
nanoparticles sequester into the liquid crystal phase.  c) Hydrophobic PTES 
functionalized nanoparticles aggregate and generally reside in the polymer region.  

















Figure 2.3  Photoluminescent study of fluorescence of new photoinitiator system.  
The variation of the integrated peak intensity of the fluorescence as the molar ratio 
of DIDMA to DDFL provides an indication of the optimal ratio as evidenced by 





















Figure 2.4  TEM micrographs of 75 nm thick microtomed cross-sections of HPDLCs 
created through 2-beam exposure.  All samples contain the same acrylate based 
polymer matrix and liquid crystal. a) Without nanoparticles, b) with 10 wt% 
unfunctionalized 20 nm diameter SiO2 nanoparticles, c) with 10 wt% SiO2 
nanoparticles functionalized with PTES, and d) with 10 wt% SiO2 nanoparticles 


























Figure 2.5 a) White light transmission spectra and b) electrical switching 
characterization for reflection Bragg gratings created by HPDLC.  The four 
samples displayed in the graphs are the same samples shown in the TEM images in 









Figure 2.6  The quantitative 99 MHz silicon NMR spectra of (a) unfunctionalized 
silica nanoparticles, (b) PTES functionalized silica nanoparticles and (c) MPTMS 
functionalized silica nanoparticles.  The marked peaks (*) are from background 




Table 2.1 Quantitative 99 MHz silicon NMR data.  The ratio of the integrated 
Intensity of the Q3 and Q4 peaks for unfunctionalized, PTES functionalized and 
MPTMS functionalized silica nanoparticle samples as well as the corresponding 
T1(s) relaxation times.  For the experimental setup used, samples with relaxation 
times under 400 seconds can be treated quantitatively. The data is tabulated from 
the same experiments as presented in Figure 2.6. 
Sample  Q3:Q4   T1 (s) 
    T3  Q3  Q4  
Unfunctionalized  35:65    61  315 
PTES­functionalized  24:76    53  379 
MPTMS­
functionalized 













Figure 2.7  TEM micrograph of a 90 nm thick microtomed cross-section of a 
HPDLCs created through 2-beam exposure.  The sample contain the same acrylate 
based polymer matrix and liquid crystal as the nanoparticle containing systems; 
here the nanoparticles have been replaced with 10 wt% of 200 nm diameter 
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Figure 3.1 TEM micrographs of thiol-ene reflection gratings created using NOA 65 
with BL-038 liquid crystal.  Samples were microtomed in 75 nm slices prior to 
observation in TEM.  The sample in a) contains no nanoparticles, while b) is loaded 
with 10 wt% of MPTMS-functionalized SiO2 nanoparticles with a mean radius of 
28 nm. 
  48 
Figure 3.2 TEM micrographs of thiol-ene reflection gratings created using NOA 65 
with BL-038 liquid crystal.  Samples were microtomed in 75 nm slices prior to 
observation in TEM.  The samples contain MPTMS-functionalized SiO2 
nanoparticles with a mean radius of 28 nm, at loadings of a) 10wt% and b) 20 wt%. 
  49 
Figure 3.3 Diffraction efficiency versus voltage for the same thiol-ene reflection 
grating samples displayed in Figures 3.1 and Figure 3.2.  Curves display the effect of 
varying the loading of MPMS-functionalized SiO2 nanoparticles upon initial 
diffraction efficiencies and subsequent switching characteristics.  All sample 

















Figure 3.4  Real-time infrared spectroscopy results for NOA 65 HPDLC 
formulations with varying weight fractions of MPTMS-functionalized silica 
nanoparticles (28 nm), as listed in the legend.  Spectra were taken twice per second.  
The peak at 2575 cm-1, which is assigned to the S-H stretching mode, was curve-fit.  






Figure 3.5 Schematic of the white light probe beam configuration used to monitor 
the development of the Bragg grating in real-time.   The beam incident angle is tuned so that the reflection peak is far enough into the red portion of the spectrum so that a low‐pass, band‐edge filter can be used to ensure that the probe beam does not contribute to the photo‐initiation reaction. In order to develop a complete a picture as possible, the same formulations used for the RTIR experiments were repeated to assist in understanding the dynamics of grating development.  All experiments were run at 150 mW/cm2 at the sample.  In this setup, the computer simultaneously un‐shutters the holography laser and initiates recording of the white‐light spectra every 3 milliseconds.  This spectrum is then curve fit to find both the maximum intensity and the frequency at maximum intensity. Figure 3.6 plots the evolution of the normalized maximum intensity over 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Figure 3.6 Evolution of reflection grating diffraction efficiency over time for thiol-
ene formulations containing MPTMS-functionalized SiO2 nanoparticle weight 
fractions of 0, 1, 3, 5 and 7.  Data is normalized by the maximim diffraction 




Figure 3.7  Evolution in the peak position of the reflection peak maximum over time 
during formation of a Bragg reflection grating.  The noisy data at early times is due 
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Figure 4.1 Optical photograph of dried SiO2 nanoparticles. The top slide contains 
unfunctionalized particles, while the bottom slide contains nanoparticles 
functionalized using increasing concentrations of MPTMS.  From left to right the 
concentrations of PTMS are [.084], [.151] and [.236],respectively (the black 








Figure 4.2 TGA of same samples of dried in Figure 4.1.  TGA was conducted in air 
with a 10°C/min heating rate.  Legend indicates the concentration of MPTMS used 







Figure 4.3.  Comparison of the proton spectra for the 28 nm silica nanoparticles 
modified with MPTMS (blue) and the same sample with MPTMS added directly to 























Figure 4.4 Schematic illustrating a) peak assignments for MPTMS using proton 
NMR, and b) the corresponding molecular structure of relevant peaks for 29Si solid-
state NMR.  
Figure 4.5  29Si NMR spectra of unfunctionalized and MPTMS functionalized silica 
nanoparticles. Concentration of MPMTS functionalized sample is [.236]. Starred 
peak is attributed to a background peak from the probe and should be ignored. 
  71 
 
Table 4.1 Tabulated solid-state 29Si NMR data for the same samples in Figure 4.5 T1 
times were measured using a saturation recovery pulse sequence 
Sample  Q3 peak  Q4 peak  T1,Q3(s)  T1,Q4(s) Unfunctionalized SiO2 NP  .58  .42  61  315 SiO2 NP functionalized w/ [.236] MPTMS 




Table 4.2 Proton NMR data for [.236] MPTMS sample—tabulated  from the spectra 
displayed in Figure 4.3  Peak assignments are displayed in Figure 4.4 
Peak  dH (ppm)  I(obs)  I(calc) 
c  4.1  1.95  2.00 
e1  6.1  1.00  1.00 
e2  5.6  0.98  1.00 









      (4.3) 
The volume distribution, V(r)P(r), which was found to best fit the data was log‐normal and can be calculated using 






Figure 4.6 SAXS spectra of Samples A-D in a dilute ethanol solution.  The numbers 
in brackets indicate the MPTMS molarity used in the Stöber solution for 
functionalization.  
 
Figure 4.7 a) SAXS spectra superimposed with calculated fit  of the 
unfunctionalized nanoparticles of sample A(in ethanol). b) Corresponding model 
distribution from calculated fit.  Mean particle distribution is 28.9 nm. 
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Figure 4.8 SAXS spectra of Samples A-D after drying. Data was curve fit using a 
interference factor corresponding to FCC packing in order to find listed particle-to-
particle distaces for each spectra. 
 
Table 4.3 Calculated diameters and corona thicknesses from SAXS spectra in 
Figure 4.8.  Sample D could not be calculated because of the lack of structure peak 










          ( 4.5) 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Figure 4.9 a) TEM micrograph of SiO2 nanoparticles functionalized with [.084] 
MPTMS and dried from solution on an amorphous carbon coated TEM grid. b) 
Particle outline of same image using a binary threshold in ImageJ software.  The 
image is the basis of the optical analysis of particle diameters presented in the text. where, in this case, δ is the standard deviation in the distribution of diameters and  is the mean diameter of the nanoparticles.  The ImageJ function, analyze particles, was used  to determine the Feret diamater of each of the thresholded particles shown in Figure 4.9b.  The Feret diameter is the largest chord distance across the circumference of the particle—as such it overestimates the average diameter somewhat for particles that are not perfect spheres. The distribution of particles in the figure yields a mean diameter of 28.9 nm with a standard deviation of 4.94.  This yields a polydispersity of σ=.14, or 14%. 
To gain a better understanding of the amount of corona that is present, a low‐voltage tranmission electron microscope (LV‐TEM) from DN American was used.  At low voltages, as shown in Figure 4.10, the mass‐thickness contrast is considerably 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Figure 4.10  Low voltage TEM images of SiO2 nanoparticles functionalized with 
increasing molarities of MPTMS.  Images display an increasing thickness of lower 
density corona around the nanoparticles.  a) Sample A: Unfunctionalized, b) Sample 








Figure 4.11 a) STEM image of silica nanoparticle functionalized with [.236] 
MPTMS. Diagonal line through image indicates location for EDAX scan. b) Si, O 











Figure 4.12  GPC data of silica nanoparticles, Sample D, [.236] MPTMS. a) Change 
in refractive index (from RI of THF) of eluted content versus time, and b) Laser 
































JA + JB + JV = 0
JA = ΛA∇(µA − µV )
JB = ΛB∇(µB − µV )
JV = −JA − JB
















          (5.2) 
Using the Onsager coefficient, Λ, allows the mutual diffusion coefficient, D, to be written in terms of the intrinsic diffusion coefficients, DA and DB. 








        (5.3) 
In general, this has been called the slow mode theory of mutual diffusion.  In contrast, Kramer, et. al. assumed, rather, that diffusion was fast enough that the chemical potential gradient of the vacancies, µV, could be considered everywhere 0 
[2].  This yield the mutual diffusion coefficient, again in terms of the intrinsic diffusion coefficients of: 














φn = pn−1(1− p) .           (5.5) 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Noting that for a monomer, n=1, yields a relationship between monomer volume fraction and extent of reaction. 
φm = 1− p             (5.6) 
 To calculate Stokes‐Einstein diffusion, knowledge of the viscosity is required.  From the literature, we find a relationship between viscosity and weight average molecular weight for branched polymers [18]. 
























Jm + Jp + Jwp + Jcc + Jv = 0                   (5.9) 
which in turn yields 
Jv = −Jm − Jp − Jnp − JLC .           (5.10) 
The flux of each component can be represented by the intrinsic diffusion coefficient, here represented by Λi, multiplied by the volume fraction gradient of component i, 
Jm = −Λm ∂φm
∂x , Jp = −Λp
∂φ p
∂x , Jnp = −Λnp
∂φnp
∂x , JLC = ΛLC
∂φLC














JpT = φ pΛm
∂φm
∂x − (1−φ p)Λp
∂φ p
∂x + φ pΛnp
∂φnp













                    JLCT = φLCΛm ∂φ p∂x + φLCΛnp ∂φnp∂x − (1−φLC)ΛLC ∂φLC∂x , 
except here we insert φLC=1‐φm‐φp‐φnp to ensure compressibility. . It is worth noting here that the polymer diffusion is represented by Stokes‐Einstein form as well. When the extent of reaction is low, the polymer volume fraction is low and the polymer is highly cross‐linked (because most monomers used in the experimental systems have a degree of functionality higher than 2), so the polymer is treated as a particle with a radius given by the radius of gyration, RG, based upon the number average molecular weight calculated using Carother’s equation. We give the equation for viscosity as 
 
η(x,t) = η(Nw).75 = η[
2 −φm
φm









(2 −φm).75 ,D =
KBT
6πηR
Λp = φ pDp = Dφm
1.25
(2 −φm).75















                        Do is the initial monomer diffusion coefficient. From conservation of mass,  
∂φi








F(x,t) = Fh(φ p) f (x)[ ]
f (x) = 12 +
1
2V cos(kx)
h(φ p) = e
−αφ
p
        (5.18) 
where V is the fringe contrast of the interference pattern, Fo is the initial 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(5.19) Non‐dimensionalizing, and usig z = kx , and noting 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Λm,m = R(1−φm)Λm  ; 
  
Λm, p = −RφmΛp  ; 
  
Λm, np = −RφmΛnp  ; Λm, LC = −RφmΛLC  ;  
  
Λp,m = −RφpΛm  ; 
  
Λpp = R(1−φp)Λp  ; 
  
Λp, np = −RφpΛnp  ; 
  
Λnp,m = −RφnpΛm  ;  
  
Λnp, p = −RφnpΛp ; ; 
  













(φm, j+1n −φm, jn )− Λm,m; j−12








(φp, jn −φp, j−1n )
+Λ
m,np; j+12
(φnp, j+1n −φnp, jn )− Λm,np; j−12
(φnp, jn −φnp, j−1n )
+Λ
m,LC; j+12
(φLC , j+1n −φLc, jn )− Λm,Lc; j−12

















































φp = 0 , 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Figure 5.1  System simulation based upon the lattice model neglecting 
















Nn = 11− p = 2 .             (5.28) 
Similarly, the gel point is found to occur at Nn = 3.45 .  The knowledge of degree of polymerization at phase separation can be used to estimate χ.  Using the equation  
2χ = (1+ 1
Nc
)2  ,               (5.29)  
we calculate that  χ = 1.46 for the thiol‐ene system [19].  In general, accurately estimating diffusion is difficult for step‐growth polymers because you must consider independent diffusion coefficients across all n‐mers in molecular weight distribution.  In this case, due to the low degree of polymerization at both phase separation and gelation, we assume that we can model with a reasonable degree of accuracy using a molecular weight distribution of only monomers, dimer and trimers and neglect all terms with a value of n higher than 3.  
  Using the assumed radius of gyration for the nanoparticle we calculate the effective number average molecular weight of the nanoparticle. 
 Rnp = Rg = Nn
1
2       ≅ 1.5  nm for thiol‐ene monomers     (5.30)  
For a 20 nm diameter nanoparticle, this equation yields Nn ≅ 45 .  We can represent the polymer volume fraction as (with φnp=φ4): 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(5.33) 
µLC = lnφLC +1−
1
Nn



















∂x          (5.35) 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k=1
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Ji = −Λ i
∂µi
∂x             (5.38) 
where we define  
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JiT = −(1−φi)Di + φi Dk,k≠ i
k=1
5








i )         (5.42) 
The reaction term is unmodified from the previous model except 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Figure 5.2  System simulation base on model using Flory-Huggins interaction 
parameter, χ=1.46.  Adjustable parameter values used in the simulation were R=.25, 









 Figure 5.3 System simulation base on model using Flory-Huggins interaction 
parameter, χ=1.46 and including nanoparticle reactions.  Adjustable parameter 






Figure 5.4 System simulation using Flory-Huggins interaction parameter a) without 
and b) with nanoparticle reaction.  Parameter values for both simulations are R=.4, 





Figure 5.5 Extraction of the evolution of polymer volume fraction at interference 
minimum versus time for simulations with values of varied nanoparticle loading.  









Figure 5.6  The effect of variation in fringe visibility on a)nanoparticle volume 
fraction and b) polymer volume fraction for  V= .6, .9, and .1  All other parameters 




Figure 5.7  The effect of increase in initial nanoparticle volume fraction on the 
variation in nanoparticle distribution. Initial nanoparticle volume fractions were 
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CHAPTER 6 
CONCLUSIONS 
This thesis studied nanoparticle transport through the use of holographic photopolymerization for the purposes of creating sub‐micron structures with defined sequestration of nanoparticles.  In general, the use of this technique as a general method of nanoparticle transport remains quite promising.  However, their remains still yet to be defined variability in the system that has limited the promise of the technique.  For this reason, the later chapters of this thesis were devoted to system understanding in an attempt to help define the forward research in this area. 
Initial efforts were undertaking to demonstrate the viability of adding nanoparticles into holographic polymer dispersed liquid crystal systems.  Multi‐functional acrylate‐based reflection Bragg gratings were created using a 532 nm doubled YAG laser as a basis for comparison with systems containing nanoparticles.  Silica nanoparticles were chosen, created by the Stöber method, because they are easily made with defined sizes, have reasonably narrow polydispersities and are a well‐characterized system.  Particles that were unfunctionalized, that were functionalized with alkyl chains and that were functionalized with reactive methacrylate groups were added to the system to begin to understand the effect affinities would have on nanoparticle dispersion, domain confinement, and overall morphology of the HPDLC grating structures.  As was expected, the charged surface of the unfunctionalized nanoparticles led to the particles residing in the liquid crystal domain of the HPDLC.  While the hydrophobic particles, both reactive and 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non‐reactive, primarily resided in the polymeric domain of the phase‐separated structure.  However, the reactive particles were much more evenly dispersed, providing evidence that they were reactively trapped in the polymer matrix and inhibited from forming agglomerates.   It was noted that the optical performance to the gratings were largely unchanged from results in systems without nanoparticles, indicating that, in general, the periodic, phase separated structure was unchanged.  However, switching studies and morphological studies via TEM analysis indicated that while the periodic structure was intact, the liquid crystal droplet morphology was altered to a more lamellar structure.  More studies are necessary to ascertain what the primary cause of this change. 
It was evident from these early experiments that the chemical nature of the nanoparticle surface is important, so considerable attention was applied to understanding the nature and quality of the coating upon the nanoparticle surface.   Analysis of the Q3 and Q4 peaks found using solid‐state 29Si NMR, indicated that a significant portion of the surface hydroxyls had been reacted with siloxane coupling agent, although a quantitative degree of surface coverage could not be obtained.  Further analysis of the nanoparticle surface was spurred by the discovery that particles functionalized in the presence of a large excess of MPTMS (the functionalizing agent) retained a liquid‐like state upon complete removal of the alcohol solution, which varied from a waxy solid to a flowing liquid based upon increasing molarity of MPTMS in the functionalizing solution.  Low‐voltage TEM analysis indicated a low‐density corona surrounding the nanoparticles, and solid‐state NMR analysis, as evidenced by the growth of a large T3 peak, indicates the 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corona is comprised in large part by a siloxane organic hybrid structure.  Small‐angle X‐ray scattering indicated that the waxy solid samples exhibited a packing structure that was close to FCC, which is conceivable based on the polydispersity of the bare particles as measured by optical and SAXS analysis (σ=.14). Because proton NMR analysis indicated that the relative abundance of the double bounds in the methacrylate groups remains unchanged, the corona remains reactive and capable of polymerization.  Despite the fact that GPC analysis indicates that the corona is comprised of physisorbed oligomers, it is still a system which can build ordered nanoparticle structures (in the waxy solids) with the packing dimensions defined by the corona thickness which can be controlled based upon the initial molarity of the functionalizing agent in solution. Because the polymerizible corona of this structure is comprised of ~45% siloxanes, cure shrinkage would be much less drastic than would be experienced by a nanoparticle functionalized by polymer brushes.  While this structured nanocomposite research is outside the scope of the holographic research, it still meets the goal of another method capable of creating macroscopic structures with controllable, sub‐micron periodicities. 
After the initial demonstration of feasibility of sequestering nanoparticles in the polymeric domain of holographically defined acrylate structures, the research focus of this research effort was refocused upon thiol‐ene polymeric systems.  This shift had already occurred for researchers focused on HPDLCs for holographic optical elements because of a multitude of advantages, which for the most part focus upon the fact that the polymerization mechanism is shifted from addition to step‐growth.  For the purpose of maximizing anisotropic transport of nanoparticles into a 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specified domain in the holographic structure, the slower evolution of polymer molecular weight reduces viscosity and delays gelation, which should slow the decay of in the value of diffusion coefficients for the nanoparticles.  MPMTS functionalized nanoparticles were again utilized for all thiol‐ene experiments with the expectation that the double bond would react as and ‘‐ene’ in the polymer system.  Indeed experiments demonstrated excellent dispersion and sequestration in the polymer domain at nanoparticle loadings up to 20 wt%, although liquid crystal phase separation began to decrease at high loadings.   
To help understand the effect of nanoparticle loading upon polymerization kinetics, real‐time infrared spectrometry was performed upon a series of thiol‐ene HPDLC formulations with increasing nanoparticle loadings.  Surprisingly, there was very little effect upon polymerization rate, with a slight increase at high loadings.  This provides indications that the system reaction rate is not diffusion limited.   However, light intensity for the RTIR experiment was one to two orders of magnitude less than used for HPDLC experiments, and utilized flood exposures, which formed PDLCs with significantly larger domains  (~5x) than typically formed using holographic methods.  Therefore, caution must be used when utilizing the RTIR data as a basis of explanation for HPDLC experiments.  Real‐time monitoring of diffraction efficiency was also utilized to determine the effect of nanoparticle addition upon the grating dynamics.  These experiments exhibited a delay in grating formation that increase linearly with nanoparticle loading and is attributed to a delay in phase separation.  It was then posited that this delay was either due to increased system viscosity caused by addition of the nanoparticles, or due to a 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confinement effect caused by the nanoparticles that shifted the phase diagram to increase solubility. 
The step‐growth, holographic photopolymerizaton system was modeled using a reaction‐diffusion equation.  The purpose of the model was not to capture the exact physics of the system, but to rather qualitatively capture the interplay of system variables for the purposes of guiding future research direction down fruitful avenues.  Initial modeling attempts focused on using a lattice model combined with Stokes‐Einstein diffusion of all components based upon concentration gradients (which was chosen due to the difficulty in capturing interaction parameters between all of the system components).   As this model maximized nanoparticle volume fraction in the dark region, it failed to qualitatively capture system performance.   This necessitated finding a method of expressing the system free energy so that chemical potential gradients could be used in place of concentration gradients.  Several simplifying assumptions were made so that the system could be based upon experimental variables.   The first was that the nanoparticle, whose surface is covered in reactive functional groups, could be treated as a polymer whose radius of gyration was equal to the nanoparticle radius.  Another assumption was that the liquid crystal could be treated as a solvent, which is based upon the fact that the liquid crystal intrinsic diffusion coefficient is several orders of magnitude larger than any other component. These assumptions allowed the system to be represented as a Flory‐Huggins polymer‐solution so that a single interaction parameter could be used.  This value of χ was calculated from experimental value presented in the literature for a thiol‐ene HPDLC formulation.  This same 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formulation exhibited a gel point at 71% conversion, which yields an approximate value of degree of polymerization of 3.5.  This low value was the basis of excluding all but the first three terms in the polymer distribution. Even the system is obviously not in equilibrium; it was assumed that local equilibrium existed on the size scale of the differential element used to conduct the simulations.  To account for nanoparticle reactions, the reacted nanoparticle was incorporated into the polymer volume fraction by a reaction term that scaled the same as the monomer reaction term.  Internal bookkeeping in the computer code kept track of the total system volume fraction of nanoparticles so that the end results were not skewed.  This model qualitatively reproduced the system performance.  The model appeared to qualitatively predict the delay in phase separation evidenced in the real‐time experiments in Chapter 3 (although to be clear, phase separation was not explicitly addressed in the model), based upon the reacting nanoparticle slowing down the diffusion of the polymer. Through exercising the model across a range of system variables, it became clear that two dominant parameters were the fringe visibility of the interference pattern and the non‐dimensional parameter R, which is a ratio of diffusion rate to reaction rate.  This indicates that the interaction between these two, not surprisingly, dominates system performance.  It was also clear through the use of the system, that the parameters that maximized nanoparticle transport were not the same parameters to maximize the optical properties of the grating.  The model showed very little sensitivity to nanoparticle size, which is a major limitation, and also indicates that nanoparticle transport in the model is overestimated.  Inclusion of only di‐mer and tri‐mer terms in the diffusion equations 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underestimates the system viscosity a large extent of reactions, which causes the grating structure to eventually disappear due to diffusion.  Future iterations of model should include more polymer species and account for the reacted nanoparticle polymer hybrid as a separate species, and should explicitly calculate phase separation.  Because of the importance of the parameter R, future research efforts in this area should focus upon methods to drive phase separation in the system by something other than polymerization. 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